The two-dimensional (2D) material graphene is highly promising for Hall sensors due to its potential of having high charge carrier mobility and low carrier concentration at room temperature. Here, we report the scalable batch-fabrication of magnetic Hall sensors on graphene encapsulated in hexagonal boron nitride (h-BN) using commercially available large area CVD grown materials. The all-CVD grown h-BN/graphene/h-BN van der Waals heterostructures were prepared by layer transfer technique and Hall sensors were batch-fabricated with 1D edge metal contacts. The current-related Hall sensitivities up to 97 V/AT are measured at room temperature.
Introduction
Magnetic field sensors today represent a significant growing market, estimated to reach USD 4.16 billion in value terms by the year 2022 1 . The areas of application cover many fields, such as automotive, consumer electronics, healthcare and defense industry, where magnetic field sensors are used for position detection, current monitoring and angular sensing. Many different magnetic sensors based on a variety of effects have been realized for different applications 2 . Hall effectbased sensors constitute a significant part of the industry, with an estimated market share to be over 55% in 2014 3 . They are used for magnetic field detection in the field range from 10 -7 T to 10 2 T in a temperature range from -40℃ up to 150℃. Today, the most ubiquitous sensors utilize an active region made of Si due to the low fabrication cost, highly developed processing technology, good integration into signal processing circuits and reasonable performance properties (currentnormalized sensitivity SI~100 V/AT) [4] [5] [6] [7] . In comparison, Hall sensors based on III-V compound semiconductors provide better performances [8] [9] [10] [11] , but are expensive and more difficult to integrate in circuits.
Graphene is highly interesting material to be used as active region of magnetic Hall sensors, owing to its 2D nature, low carrier concentration 2 and high carrier mobility . The previous reports on graphene Hall sensors demonstrated current-related sensitivities ( ∝ 1/ 2 ) up to 1200 V/AT on large area unprotected CVD graphene on SiO2 substrate 12 and 1020 V/AT on epitaxial graphene on SiC substrates 13 . However, single layer graphene devices are prone to contaminations from environment and encapsulated structures are needed for reliable and durable performance for practical applications 14 . Recent studies on graphene encapsulation by Al2O3 grown by atomic layer deposition showed good results with low doping levels 15 . However, the encapsulated graphene with 2D insulating h-BN flakes provide superior interface, containing low amount of dangling bonds and charge traps and retaining the high electronic properties of graphene for high Hall sensor performance 16 . Moreover, the smoothness of h-BN allows using it as a high-quality substrate in addition to top encapsulation. Thus, current-related sensitivities SI~5700 V/AT were obtained on stacks of all-exfoliated h-BN/graphene/h-BN 
Results
The Hall sensors were prepared by using a scalable fabrication process. An optical picture of a chip-size batch-fabricated graphene Hall elements is shown in Fig. 1a . Figure 1b First, we present the characterization of the h-BN/graphene/h-BN Hall sensors with Cr/Au edge contacts. The samples were measured at ambient conditions, i.e. at room temperature of 293 K, pressure of 750 Torr, relative humidity ~ 70%. Except for the cases where measurements were done at room temperature, pressure was 10 -2 Torr. The Hall voltage VH is measured at a constant applied current, while sweeping a perpendicular magnetic field (Fig. 3a) . From the Hall measurements the current-related sensitivity S I = (∂ B V H )/I was extracted. Figure 5a shows the temperature dependence of S I for the Cr/Au and Ti/Au contacts, which are found to be thermally stable with the values of S I~7 5 V/AT. The absence of temperature variation of S I (S I~1 /n 2D ) is due to a stable carrier concentration (n 2D ) in graphene. Figure 5b shows the current bias dependence with slight decrease of S I at higher bias, which could be due to heating-related effects 19 . The more prominent bias-induced decrease of S I with Ti/Au contacts compared to Cr/Au indicates more heating-related effects due to higher contact resistances. Comparing several different devices yields a narrow distribution of Hall sensitivity S I (Fig. 5c ) ranging from 60 -97 V/AT. Furthermore, variations in geometry and size of the graphene Hall elements did not affect the sensitivity, with the S I values ranging from 65 -78 V/AT at room temperature (Fig. 5d) . The Hall sensors showed a good response to magnetic field changes even after 190 days (Fig. 6b) and a consistent Hall sensitivity S I of 53 -78 V/AT at room temperature (Fig. 6c) , without much degradation of the contacts and the graphene channel over time. However, unencapsulated graphene showed fast degradation of sensitivity with time after fabrication of devices. The atomically thin graphene is known to degrade quickly in ambient conditions not only due to electronic doping, but also chemical and mechanical damages due to exposure to different environmental conditions 32, 33 . Although the high doping of graphene in our devices can contribute to less degradation of Hall sensitivity over time, the utilized h-BN encapsulation is imperative step forward towards protection of graphene for practical applications in ambient environment.
(a) The prepared h-BN/graphene/h-BN heterostructures using all-CVD grown 2D materials on a 4-inch SiO2/Si wafer by layer transfer method. Different regions containing 2D layers and heterostructures are indicated by schematics. (b) AFM image and thickness profile of CVD h-BN on SiO2/Si wafer. (c) Two-terminal IV characteristic of the device with Cr/Au edge contacts to graphene at 293 K and 75 K. (d) Cr/Au edge contact resistance at 0.5 V bias (red) and zero bias voltage (green) as a function of temperature. (e) 2-terminal IV characteristic of the device with Ti/Au edge contacts to graphene at 293 K (red) and 75 K (blue). (f) Ti

Figure 6: Stability of all-CVD h-BN/Graphene/h-BN Hall sensors over time in ambient environment. (a) Hall voltage as a function of magnetic field and (b) time at different applied magnetic fields at 293 K after keeping the device in ambient environment for 1 day (black), 22 days (red), 49 days (blue) and 190 days (green). (c)
Current-related Hall sensitivity over time.
Discussion
Our observed current-related Hall sensitivities in large area all-CVD h-BN encapsulated graphene devices are comparable to those in magnetic Hall sensors based on Si [4] [5] [6] [7] . However, sensitivities were at least one order of magnitude below exfoliated graphene/h-BN structures 17 , unprotected CVD graphene devices on Si/SiO2 substrate 12 and on CVD h-BN substrate 19 . Also, our control experiment with CVD graphene on SiO2 substrate with/without exfoliated h-BN capping showed 2-4 times higher sensitivity. However, the unprotected graphene showed faster degradation of sensitivity with time. The higher sensitivity of devices with exfoliated h-BN encapsulation can be due to introduction of roughness, ripples and wrinkles in the CVD graphene in all-CVD h-BN/graphene/h-BN heterostructures. The CVD grown multilayer h-BN films are known to be polycrystalline in nature and the c-axis of the crystallites points to random directions 30 , giving rise to defects and roughness in the heterostructures. The significant doping of graphene in the all-CVD heterostructure devices is another major reason behind the reduced Hall sensitivities and it could be due to contaminations introduced during wet-transfer process of large area graphene and h-BN layers. This could explain also the significantly lower minimum magnetic field resolution of Hall sensors based on all-CVD h-BN/graphene/h-BN heterostructures compared to previous reports on graphene Hall sensors 17, [19] [20] [21] [22] . These are currently the practical challenges for the development of graphene and 2D materials science and technology.
Such Hall sensors would greatly benefit from improved CVD growth methods of graphene and multi-layer h-BN, and large area layer transfer techniques for fabrication of heterostructures.
Furthermore, development of methods for in-situ growth [34] [35] [36] of high-quality h-BN/graphene/h-BN van der Waals heterostructures on large areas would by-pass fabrication-related problems and allow for higher Hall sensitivities with lower graphene doping levels. Additionally, the contacts resistance in 1D geometry can also play an important role on device performance. Our reported reduction in contact resistance by switching from Ti to Cr can be further improved by optimizing the fabrication process, in particular the etching angle and 1D edge contact deposition to eliminate incorporated species at the interfaces 24 .
Conclusion
In 
S2. AFM of h-BN after annealing
To investigate the influence of annealing on the quality of CVD h-BN, the sample with h-BN after transfer on Si/SiO2 substrate was put in a furnace at 400 ℃ in Ar/H2 atmosphere for 8 hours. After the annealing, the topography of the surface was investigated by AFM (Fig. S2) . The surface roughness of CVD h-BN was found to be ~2 nm, similar to the one before annealing (see Fig. 2b in the main text).
Supplementary Figure S2. AFM image and thickness profile of CVD h-BN on SiO2/Si wafer after
annealing.
S3. Magnetic resolution of all-CVD h-BN/graphene/h-BN Hall sensors
From noise spectral measurements on fully-encapsulated graphene Hall sensor with Cr/Au contacts ( Fig. S3 ) the minimum magnetic resolution (Bmin=SV 
S4. Graphene Hall sensors prepared on SiO2 substrate with and without exfoliated h-BN encapsulation
To compare the performance of Hall sensors fabricated on large area all-CVD heterostructures prepared by wet-transfer technique, we fabricated another control samples with CVD graphene on Si/SiO2 substrate with and without top encapsulation by exfoliated h-BN (Fig. S4) . 
